Six slow-growing rhizobial strains isolated from effective nodules of Erythrophleum fordii were classified into the genus Bradyrhizobium based on their 16S rRNA gene sequences. The results of multilocus sequence analysis of recA, glnII and gyrB genes and 16S-23S rRNA intergenic spacer (IGS) sequence phylogeny indicated that the six strains belonged to two novel species, represented by CCBAU 53325 T and CCBAU 51502 T , which were consistent with the results of DNA-DNA hybridization; CCBAU 53325 T had 17.65-25.59 % relatedness and CCBAU 51502 T had 22.69-44.58 % relatedness with five closely related type strains, Bradyrhizobium elkanii USDA 76 T , B. pachyrhizi LMG 24246 T , B. lablabi CCBAU 23086 T , B. jicamae LMG 24556 T and B. japonicum USDA 6 T . In addition, analysis of phenotypic characteristics and fatty acid profiles also distinguished the test strains from defined species of Bradyrhizobium. Two novel species, Bradyrhizobium erythrophlei sp. nov., represented by the type strain CCBAU 53325 T (5HAMBI 3614 T 5CGMCC 1.13002 T 5LMG 28425 T ), and Bradyrhizobium ferriligni sp. nov., represented by the type strain CCBAU 51502 T (5HAMBI 3613 T 5CGMCC 1.13001 T ), are proposed to accommodate the strains.
Ironwood (Erythrophleum fordii Oliver) is an evergreen tree species of the family Caesalpiniaceae and is indigenous to tropical and subtropical regions in the south of China and the north of Vietnam (Sein & Mitlöner, 2011) . E. fordii is on the list of protected and endangered plant species in China, and its trunk is an extremely valuable hardwood with seeds that rarely germinate in the natural environment (Shi et al., 2005; Fang & Fang, 2006; Zhao et al., 2009) . It has been reported that ironwood can establish nitrogen fixation symbioses with rhizobia (Chen & Wang, 2011) , and some slow-growing rhizobial species, including Bradyrhizobium elkanii, B. pachyrhizi and B. yuanmingense, have been isolated from nodules of E. fordii as the dominant microsymbionts (Lu et al., 2011; Yao et al., 2014) .
In a previous study, 167 rhizobial isolates were obtained from effective root nodules of E. fordii and three isolates, CCBAU 53325 T , CCBAU 53266 and CCBAU 53267, from Guangxi Province in China, were tentatively identified as representing a novel species belonging to the genus Bradyrhizobium (Yao et al., 2014) . In subsequent research with additional isolates, CCBAU 51502 T , CCBAU 51501 and CCBAU 51497 from Guangdong Province were found to make up a distinct group, based upon sequence analyses of the housekeeping genes recA, glnII and gyrB, that was different from all defined species of the genus Bradyrhizobium and the novel group reported by Yao et al. (2014) . Therefore, we studied these six isolates further systematically by using a polyphasic approach.
These six strains were isolated from root nodules of E. fordii collected in Guangdong and Guangxi provinces of IP: 54.70.40.11
On: Mon, 11 Mar 2019 19:27:16 China by standard methods (Vincent, 1970; Yao et al., 2014) . All six strains were slow-growing, alkali-producing bacteria that formed mucoid colonies less than 1 mm in diameter after 7 days of incubation on YMA medium at 28 u C supplied with bromothymol blue indicator (Vincent, 1970) .
In the current study, total genomic DNA was extracted from each isolate following the protocol of Terefework et al. (2001) . The primers and procedures were adopted from previous reports for the 16S rRNA gene (Tan et al., 1997) , the 16S-23S rRNA intergenic spacer (IGS) (Navarro et al., 1992) , partial recA, glnII and gyrB genes (Vinuesa, et al., 2005; Rivas et al., 2009) and partial nodC and nifH genes (Laguerre et al., 2001) . All sequences acquired in this study were aligned by the CLUSTAL W software with those of members of related species of the genus Bradyrhizobium extracted from the NCBI database using the BLAST search program. These sequences used for phylogenetic analysis were processed by MEGA 5.1 software (Tamura et al., 2011) to reconstruct phylogenetic trees with the maximum-likelihood (ML) method and Kimura's two-parameter model (Kimura, 1983) with 1000 bootstrap replications for all single-gene sequences, as well as for a multilocus sequence analysis (MLSA) using the combined sequences of recA, glnII and gyrB. Pairwise distances in the ML trees were calculated by Kimura's two-parameter model in MEGA 5.1.
In the ML tree for the 16S rRNA gene sequences (Fig. 1) , the type strains of species of the genus Bradyrhizobium were divided into two groups, similar to the results of a previous study (Menna et al., 2009) . The six test isolates were grouped together with eight type strains of species of Bradyrhizobium in group II, represented by B. elkanii, at sequence similarities of 97.3-99.8 %. CCBAU 51502 T was the most divergent lineage within group II, sharing similarities of 98.0 and 97.9 %, respectively, with another two isolates (CCBAU 51501 and CCBAU 51497) within the same novel group, and 97.3-97.9 % with the type strains in group II. The other three strains, CCBAU 53325 T , CCBAU 53266 and CCBAU 53267, shared 99.9-100 % similarity with each other, and presented similarities of 99.3-99.8 % with the type strains in group II. In addition, the six test isolates showed similarities of 94.6-97.7 % to the type strains in group I of the genus Bradyrhizobium.
Since the 16S rRNA gene sequence similarities among defined species of the genus Bradyrhizobium are very high, more characteristics have been suggested to differentiate these closely related species (Willems et al., 2001) . In the IGS sequence analysis, the three isolates from Guangxi, CCBAU 53325 T , CCBAU 53266 and CCBAU 53267, shared sequence similarities of 99.7-99.8 % with each other and 75.2-92.9 % similarity with the type strains of defined species of the genus Bradyrhizobium ( Fig. S1 , available in the online Supplementary Material). Since Willems et al. (2003) have hypothesized that two bradyrhizobial strains with IGS sequence similarity ,95.5 % usually belong to separate genospecies, our data suggested that the three isolates represented by CCBAU 53325 T could be considered to represent a novel genospecies of Bradyrhizobium. The three isolates from Guangdong, CCBAU 51052 T , CCBAU 51501 and CCBAU 51497, shared identical IGS sequences, which had 93.2 and 91.6 % similarity with those of Bradyrhizobium jicamae LMG 24556 T and B. lablabi CCBAU 23086 T , respectively. However, they showed 97.7 and 97.0 % IGS sequence similarity with B. elkanii USDA 76 T and B. pachyrhizi LMG 24246 T , values that are greater than the 95.5 % threshold for species definition (Willems et al., 2003) (Fig. S1 ).
According to previous studies, MLSA of housekeeping genes is a reliable method. Showing relationships consistent with the results of DNA-DNA hybridization, it has been adopted to define species or genospecies of the genus Bradyrhizobium (Vinuesa et al., 2005; Sahgal & Johri, 2006; Rivas et al., 2009) . In this study, we chose the three housekeeping genes recA, glnII and gyrB according to the results of previous studies (Rivas et al., 2009; , and their sequences were obtained from the six test isolates as described previously (Rivas et al., 2009; . The ML tree ( Fig. 2 ) based upon combined sequences of the three genes showed phylogenetic relationships similar to those in the 16S rRNA gene phylogeny. The three isolates represented by CCBAU 53325 T shared similarities of 99.1-100 % with each other and 93.4-93.6 and 92.8-93.0 % with the most closely related type strains B. elkanii USDA 76 T and B. pachyrhizi LMG 24246 T , while they showed similarities of 86.2-90.7 % with the type strains of other species of the genus Bradyrhizobium. The three strains from Guangdong represented by CCBAU 51502 T shared similarities of 98-99.7 % with each other and were also closely related to B. pachyrhizi LMG 24246 T and B. elkanii USDA 76 T , with similarities of 95.1-96.1 and 94.9-96.2 %, respectively, and shared similarities from 85.7-90.9 % with the type strains of other species of the genus Bradyrhizobium. This result further confirmed that these six strains represent two novel genospecies in the genus Bradyrhizobium. The phylogenetic relationships of the six strains with the recently described species 'Bradyrhizobium valentinum' and B. retamae (Guerrouj et al., 2013; Durán et al., 2014) were compared by reconstructing an ML tree based upon the combined sequences of recA and glnII ( Fig.  S2 ), since sequences of gyrB were not reported for these two species. In the tree shown in Fig. S2 , the six novel strains were far from 'B. valentinum' and B. retamae.
Symbiotic genes, including nodC and nifH, are also adaptive genes of rhizobia. Compared with phylogenies of housekeeping genes, the phylogenies of nodC and nifH may reveal lateral gene transfer events among rhizobia (Haukka et al., 1998) , and the phylogenies of both genes can reveal the host ranges of rhizobia (Laguerre et al., 2001) S4 ), similar to the relationships revealed by the phylogenies of housekeeping genes (Fig. 2) . These results demonstrated that the nodC and nifH genes have evolved divergently earlier in different rhizobial species associated with E. fordii. We failed to amplify the nodC gene from isolates CCBAU 53266 and CCBAU 53276, probably because of mutations or recombination of the nodC gene or the existence of quite different nodulation genes in these strains, as reported in other cases (Dénarié et al., 1996; Zheng et al., 2013) .
In order to confirm the symbiotic ability of the test strains, cross-nodulation tests were performed in vermiculite moistened with nitrogen-free solution in a greenhouse (Vincent, 1970) . All six isolates formed effective nodules with their host of origin, E. fordii. CCBAU 53325 T , CCBAU 53266 and CCBAU 53267 formed ineffective (small and white) nodules with Arachis hypogaea, Lablab purpureus and Glycine max. In contrast, CCBAU 51502 T , CCBAU 51501 and CCBAU 51497 could nodulate L. purpureus and G. max effectively, but they formed ineffective nodules with A. hypogaea.
As a standard method for species delineation recommended by Graham (Table S2 ). CCBAU 51502 T had DNA-DNA relatedness of 89.1 and 83.3 %, respectively, with strains CCBAU 51501 and CCBAU 51497 in the Guangdong group. The two type strains of the novel species, CCBAU 53325 T and CCBAU 51502 T , showed 17.7-25.6 and 22.7-44.6 % relatedness with the five type strains mentioned above; these values are lower than the generally accepted 70 % species threshold (Graham et al., 1991) . These results supported the conclusion that the six strains belong to two distinctive genomic species. The DNA G+C content was 59.92 mol% for CCBAU 53325 T and 61.95 mol% for CCBAU 51502 T , measured by the thermal denaturation method (Graham et al., 1991) ; these values fall in the range reported previously for the genus Bradyrhizobium.
Phenotypic features including utilization of sole carbon sources, tolerance of NaCl and pH and temperature growth NaCl, pH 4, 5, 6, 7, 8, 9 and 10, 4, 10, 15, 20, 28, 35, 45 and 60 u C and generation times were determined by a method described previously (Gao et al., 1994) . With respect to tolerance of 45 and 60 u C, each strain was first treated in an incubator at 45 or 60 u C for 15 min and then transferred to 28 u C for growth. The results distinguished CCBAU 53325 T and CCBAU 51502 T and the type strains of closely related species in Bradyrhizobium (Table 1) ; detailed characteristics are presented in the descriptions of the novel species.
Fatty acid profiling is a valuable method for identifying microbial communities from natural systems (Schutter & Dick, 2000) and has been suggested for identifying rootnodule bacteria (Tighe et al., 2000) . In the present study, CCBAU 53325 T and CCBAU 51502 T were assayed together with B. japonicum USDA 6 T , B. elkanii USDA 76 T , B. lablabi CCBAU 23086 T and B. jicamae LMG 24556 T . All tested strains were grown to the late exponential phase in TY broth (tryptone, 5 g; yeast extract, 3 g; CaCl 2 , 0.6 g; distilled water, 1 l; pH 7.2) at 28 u C, and bacterial cells were collected by centrifugation, followed by washing three times with 0.8 % NaCl solution. Fatty acid methyl esters were prepared and separated by the method of Sasser (1990) and were identified with the MIDI Sherlock Microbial Identification System (Sherlock license CD version 6.0), according to the TSBA6 database. The predominant fatty acids were detected as summed feature 8 (C 18 : 1 v7c/C 18 : 1 v6c; 51.5-72.8 %) and C 16 : 0 (14.3-18.5 %) for all test strains (Table S3 ). C 19 : 0 cyclo v8c (13.7-21.0 %) was a predominant fatty acid in CCBAU 51502 T , CCBAU 53325 T and B. elkanii USDA 76 T , but it was not detected in the other three type strains. CCBAU 53325 T had five to ten fatty acid components that were not detected in the other test strains, while CCBAU 51502 T had between four and 13 fatty acids that were not detected from the others, although 14-17 fatty acids were detected in all test strains. These results distinguished the two novel strains and the type strains of related species of the genus Bradyrhizobium (Table S3 ). Tolerance of: 1 % NaCl + + + + 2 + + 2-3 % NaCl 2 + + + 2 2 2 Growth at: pH 9 + + 2 + 2 2 2 60 u C 2 2 2 + + + 2
Previous research has reported that the BOX-PCR procedure is a valuable method of distinguishing closely related rhizobia, such as strains in the same species; therefore, we performed it with the BOXAIR primer for the six test strains (Versalovic et al., 1994) . The results showed that unique a BOX-PCR fingerprint was obtained for each strain in the novel groups, suggesting the test strains in each group were not clones of the same strain (Figs S5 and S6 ).
Based on all the phenotypic and genotypic characteristics reported here, two novel species are proposed, represented by the type strains CCBAU 53325 T for Bradyrhizobium erythrophlei sp. nov. and CCBAU 51502 T for Bradyrhizobium ferriligni sp. nov.
Description of Bradyrhizobium erythrophlei sp. nov.
Bradyrhizobium erythrophlei (e.ry.thro.phle9i. N.L. gen. n. erythrophlei of the leguminous plant Erythrophleum, referring to the isolation source of the first strains).
Cells are Gram-negative, aerobic, non-spore-forming rods, 0.32-0.4360.78-2.80 mm (Fig. S7 ). Colonies grown on YMA medium are white, translucent, circular, convex, ¡1 mm in diameter after 7 days of incubation at 28 u C. Can grow in YMA in the presence of 1 % (w/v) NaCl. The pH range for growth is pH 5-8 and the optimum is pH 7.0. Growth occurs at 4-60 u C and the optimum is 28 u C. The generation time for the type strain under optimal conditions is 14.6 h. The type strain can utilize Tween 40, D-arabitol, D-fructose, L-fucose, D-mannitol, Lrhamnose, pyruvic acid methyl ester, succinic acid monomethyl ester, acetic acid, cis-aconitic acid, citric acid, formic acid, D-galactonic acid lactone, D-gluconic acid, Dglucosaminic acid, a-hydroxybutyric acid, b-hydroxybutyric acid, c-hydroxybutyric acid, itaconic acid, a-ketobutyric acid, a-ketoglutaric acid, a-ketovaleric acid, malonic acid, propionic acid, quinic acid, sebacic acid, succinic acid, bromosuccinic acid, succinamic acid, L-alaninamide, Dalanine, L-alanyl glycine, L-asparagine, L-aspartic acid, Lglutamic acid, L-leucine, L-phenylalanine, L-pyroglutamic acid, D-and L-serine, c-aminobutyric acid, urocanic acid, phenylethylamine and glycerol as sole carbon sources. Differential features are listed in Table 1 . Sixteen fatty acids are detected in the type strain and summed feature 8 (C 18 : 1 v7c/C 8 : 1 v6c), C 19 : 0 cyclo v8c and C 16 : 0 are predominant. The detailed fatty acid profile of the type strain is given in Table S3 . Strains of this species can also be distinguished from related species by housekeeping gene sequences and DNA-DNA hybridization (Table S2 ).
The type strain, CCBAU 53325 T (5HAMBI 3614 T 5CGMCC 1.13002 T 5LMG 28425 T ), was isolated from effective nodules of E. fordii grown in Guangxi Province, China. The DNA G+C content of the type strain is 59.9 mol% (T m ).
Description of Bradyrhizobium ferriligni sp. nov.
Bradyrhizobium ferriligni (fer.ri.lig9ni. L. neut. n. ferrum iron; L. neut. n. lignum wood; N.L. gen. n. ferriligni of ironwood, the common name of Erythrophleum fordii, referring to the isolation source of the first strains).
Cells are Gram-negative, aerobic, non-spore-forming rods, 0.35-0.5560.75-1.55 mm (Fig. S7 ). Colonies grown on YMA medium are white, translucent, circular, convex, 1 mm in diameter after 7 days of incubation at 28 u C. Can grow in YMA in the presence of 1 % (w/v) NaCl. The pH range for growth is pH 5-8 and the optimum is pH 7.0. Growth occurs at 4-45 u C and the optimum is 28 u C. The generation time of the type strain under optimal conditions is 13.1 h. The type strain can utilize Tween 40, D-arabitol, D-fructose, L-fucose, D-mannitol, L-rhamnose, pyruvic acid methyl ester, succinic acid monomethyl ester, acetic acid, cis-aconitic acid, citric acid, formic acid, D-galactonic acid lactone, D-gluconic acid, D-glucosaminic acid, a-hydroxybutyric acid, b-hydroxybutyric acid, c-hydroxybutyric acid, itaconic acid, a-ketobutyric acid, a-ketoglutaric acid, a-ketovaleric acid, malonic acid, propionic acid, quinic acid, sebacic acid, succinic acid, bromosuccinic acid, succinamic acid, L-alaninamide, D-alanine, L-alanyl glycine, L-asparagine, L-aspartic acid, L-glutamic acid, L-leucine, Lphenylalanine, L-pyroglutamic acid, D-and L-serine, caminobutyric acid, urocanic acid, phenylethylamine and glycerol as sole carbon sources. Fourteen fatty acid are detected in the type strain and summed feature 8 (C 18 : 1 v7c/ C 18 : 1 v6c), C 19 : 0 cyclo v8c and C 16 : 0 are predominant. The detailed fatty acid profile of the type strain is given in Table  S3 . Strains can be distinguished from related species by housekeeping gene sequences and DNA-DNA hybridization (Table S2 ).
The type strain, CCBAU 51502 T (5HAMBI 3613 T 5 CGMCC 1.13001 T ), was isolated from effective nodule of E. fordii grown in Guangdong Province. The DNA G+C content of the type strain is 61.95 mol% (T m ).
